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Early Structural Rearrangements in the Photocycle
of an Integral Membrane Sensory Receptor
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allow the retinal to adopt a less bent geometry. Luecke etSensory rhodopsins are the primary receptors of vision
al. [9] suggest that this blue shift derives predominantlyin animals and phototaxis in microorganisms. Light
from the reorientation of the positively charged guanidi-triggers the rapid isomerization of a buried retinal
nium group of a conserved Arg72, which is orientatedchromophore, which the protein both accommodates
toward the extracellular medium in pSRII, and this redis-and amplifies into the larger structural rearrangements
tribution of charge enhances the interaction of the Schiffrequired for signaling. We trapped an early intermedi-
base nitrogen with the complex counterion. A similarate of the photocycle of sensory rhodopsin II from
reorientation occurs during the K-to-L transition of theNatronobacterium pharaonis (pSRII) in 3D crystals and
bR photocycle [10, 11], and this movement of Arg82 indetermined its X-ray structure to 2.3 A˚ resolution. The
bR in combination with a movement of Asp85 towardobserved structural rearrangements were localized
the Schiff base [10, 12] contributes to the 40 nm bluenear the retinal chromophore, with a key water mole-
shift characteristic of the K-to-L spectral transition. Hay-cule becoming disordered and the retinal’s -ionone
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from an enhanced interaction of the Schiff base nitrogenbinding pocket of pSRII allow subtle differences in the
with Asp201 of the pSRII complex counterion.early relaxation of photoisomerized retinal.
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sists of two transmembrane helices and an extendedHalobacteria, such as Halobacterium salinarum and Na-
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Figure 1. Schematic Representation of Three
Archael Rhodopsins of Known Structure
All form a heptahelical bundle surrounding a
buried retinal chromophore. Halorhodopsin
(hR) [3] harvests light to pump Cl into the
cell, whereas bacteriorhodopsin (bR) [1] uses
light to pump protons in the opposite direc-
tion. Light activation of pharaonis sensory
rhodopsin II (pSRII) [8] initiates a negative
phototaxis response in the host archaebacte-
ria. Structural changes in pSRII are trans-
duced to the cognate transducer protein
(pHtrII), which consists of two transmem-
brane  helices and an extended cytoplasmic
domain. The positive phototaxis sensory re-
ceptor, sensory rhodopsin I, is not repre-
sented. The X-ray structure (Protein Data
Bank entry 1QU7) of the cytoplasmic domain
of a bacterial chemotaxis receptor [61], the
serine receptor of Escherichia coli, has been
used as a structural model for the cyto-
plasmic domain of pHtrII in this schematic.
This figure was drawn using a modified ver-
sion of MOLSCRIPT [62] and was rendered
using Raster 3D [63].
cytoplasmic domain. In addition to providing insight into via a phosphorylation cascade [4]. This, in turn, controls
the reversal frequency of the flagellar motor and, conse-the mechanism of spectral tuning, the X-ray structures
of pSRII [8, 9] as well as recent electron paramagnetic quently, the global swimming behavior of the microor-
ganism.resonance studies [14] indicate a putative binding site
for pSRII’s cognate transducer protein pHtrII. This is While pSRII mediates a negative phototaxis response
of the host archaebacterium to blue-green light, its pho-illustrated schematically in Figure 1, with the balance
of evidence suggesting that transmembrane helix 1 of tocycle under certain conditions [15] resembles that of
the proton pump bR. A detailed picture of the structuralpHtrII binds near helix G of pSRII, whereas transmem-
brane helix 2 of pHtrII binds near the interface of helices changes that occur during light-driven vectorial ion
transport by bR has recently emerged from structuralF and G. Photoisomerization of the all-trans retinal chro-
mophore of pSRII to the 13-cis configuration initiates a studies of its photointermediates [10, 11, 16–21]. Due
to the close structural relationship between pSRII andsequence of specific structural changes that convey the
photosignal to pHtrII. As a consequence the extended bR, it is often anticipated that the structural re-
arrangements of pSRII following retinal photoisomeriza-cytoplasmic domain of pHtrII is rearranged, and this
activates a histidine kinase, amplifying the photosignal tion will be very similar to those of bR. Nevertheless,
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Table 1. Diffraction Data and Refinement Statistics
Resolution 36–2.3 A˚
Number of observations 76,030
Number of unique reflections 13,086
Completeness (outer shell)b (%) 99.4 (98.1)
Rsyma (outer shell)b (%) 13.9 (76.4)
I/(I) (outer shell)b 11.5 (1.9)
Mosaicity () 0.43
Unit cell (A˚) 85.5, 128.6, 50.8
Refinement
Alternate Extrapolated
Conformation Data
Occupancy of KLT (%) 50 100
Refined residues 218 218
Number of waters 16 14
Rcryst (%)c 23.0 27.6
Rfree (%)d 25.5 31.1
Rmsd
Bond lengths (A˚) 0.0074 0.0070
Bond angles () 1.14 1.18
The space group is C2221.
a Rsym  jh|Ih,j  Ih|/jhIh,j.
b Outer shells were 2.38–2.30 A˚.
c Rcryst  h||Fobs(h)|  |Fcalc(h)||/h|Fobs(h)|.
d Calculated from a set of 5.5% randomly selected reflections that
were excluded from refinement.
Figure 2. Spectroscopic Characterization of a Single Crystal of spects to those recorded from samples in suspension
pSRII
[11, 27–29]. One distinction in the case of pSRII is that
(A) Absorption spectrum from typical crystal of pSRII in its resting
the half-maximum at long wavelength is somewhat redstate cooled to 100 K.
shifted, being at 535 nm in 3D crystals (Figure 2A) rather(B) Difference spectrum recovered after illuminating this crystal with
than at 520 nm in suspension [25, 30]. When this crystalblue light (	  473 nm) at 100 K. This difference spectrum is charac-
teristic of a buildup, within crystals, of the low temperature K inter- was illuminated with blue light (	  473 nm) at 100 K,
mediate (KLT) of pSRII. the difference spectrum shown in Figure 2B resulted.
This difference spectrum indicates a red-shifted inter-
mediate and is therefore characteristic of a buildup ofthe retinal binding pocket of pSRII allows the all-trans
the low-temperature KLT intermediate [25, 30] in 3D crys-retinal to adopt a less bent geometry than in bR [8], and
tals of pSRII. Due to the red shift in the long wavelengthFTIR spectroscopy studies of the two proteins at low
half-maximum of the ground state spectrum (Figure 2A),temperature show significantly different behavior be-
the isosbestic point for the KLT difference spectrum istween the photoisomerized retinal early in the photocy-
also red shifted relative to that recovered in suspensioncle [22]. In order to elucidate the initial response of pSRII
[25, 30], and the positive difference peak at 550 nm isto the photoisomerization of retinal from the all-trans to
less pronounced. For these reasons quantitative popu-13-cis configuration and thereby reveal the initial path-
lation estimates cannot be drawn by comparison withway of signal transduction, we trapped, at low tempera-
difference spectra recorded from samples of pSRII inture, a high population of the early K intermediate (KLT) suspension. Nevertheless, the photokinetics argumentsin 3D crystals grown in a lipidic cubic phase [8, 23] and
of Balashov et al. [30] remain valid and suggest thatdetermined its X-ray structure. X-ray diffraction data
approximately 50% KLT would be populated under simi-and structural refinement show an early divergence in
lar temperature and illumination conditions to thosethe relaxation pathway for the photoisomerized retinal
used here.in pSRII relative to bR.
Results Structural Rearrangements
X-ray diffraction data (Fexc) were collected from several
crystals cooled to 100 K while being continuously illumi-Spectral Characterization
Figure 2A shows a typical absorption spectrum from a nated with blue light during data collection. Table 1
summarizes the diffraction data presented here. A long-single crystal of pSRII mounted on a microspectropho-
tometer [24] and cooled to 100 K by a stream of nitrogen distance view of the Fexc  Fground difference Fourier map
(Figure 3, contoured at 4) establishes that all significantgas. As with spectra recorded from pSRII in suspension
at high Cl concentration [25, 26], the absorption maxi- changes in electron density are clustered in the vicinity
of the chromophore, as observed for the early intermedi-mum is at 502 nm. Furthermore, a shoulder at 465 nm
is clearly visible. In general, however, spectra recorded ates of other proteins using similar trapping protocols
[16, 31, 32]. Since the observed structural rear-from 3D crystals are not necessarily identical in all re-
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Figure 3. Structural Changes in pSRII Due to
Photoexcitation at 100 K
Stereo overview of the Fexc  Fground difference
electron density map (yellow, negative den-
sity; blue, positive density) contoured at 4
(, root mean square electron density for the
unit cell) and overlaid on the ground state
structure of pSRII [8]. All significant changes
in electron density are clustered near the reti-
nal’s binding pocket. Helices are labeled A–G.
This and the following figures were drawn us-
ing the Swiss-PdbViewer [60].
rangements have not propagated to regions of the pro- for KLT of pSRII. A less pronounced movement at this
position may be due to the observation that, in contra-tein forming crystal contacts, it appears unlikely that
the structural dynamics are significantly affected by the distinction to bR [1, 2], the guanidinium group of Arg72
(Arg82 in bR) is orientated toward the extracellular me-crystal lattice. This difference Fourier map was interpre-
ted directly, and the structural rearrangements de- dium in the resting state of pSRII [8, 9]. In bR the side
chain of Arg82 must reorientate toward the extracellularscribed below were confirmed by refinement with a par-
tial occupancy of 50 % for KLT and by refinement against medium prior to proton transfer from the Schiff base to
Asp85, since this both increases the pKa of Asp85 andextrapolated data (see Experimental Procedures). As
shown by Henderson and Moffat [33], difference Fourier facilitates a local flex of helix C, allowing Asp85 to ap-
proach the Schiff base [10, 12] from which it accepts aanalysis provides the most sensitive and least biased
method for observing limited structural changes and has proton. A small fraction (less than 10%; see Experimen-
tal Procedures) of the photoisomerized pSRII moleculestherefore become the method of choice for presenting
structural rearrangements in light-driven macromolecu- are likely to have Asp75 protonated, which may also
contribute in part to the weaker difference electron den-lar systems [10, 16, 19, 31, 32, 34–37]. Regions removed
from the active site provide an internal control for all sity peaks on Asp75.
Due to the photoisomerization of the retinal about thesources of noise, and the structural rearrangements de-
scribed here all occurred reproducibly at levels of signifi- C13C14 double bond, the side chain of Lys205 (to which
the retinal is covalently bound) is significantly displacedcance well above the background noise of the map.
A close-up view of the electron density changes near (Figure 4A). A similar movement was also clearly visible
for bR [16] (Lys216 for bR; Figure 4A, inset) and providesthe active site (Figure 4A, contoured at 4 ) illustrates
that, as with KLT of bR [16] (Figure 4A, inset), negative a mechanism for the disordering of Wat402 in both
cases. Structural refinement shows that not only is thedifference electron density peaks appear at the location
of two water molecules in the vicinity of the retinal: H bond donor (the Schiff base) to Wat402 lost as a result
of retinal isomerization but also that C
 of Lys204 movesWat402, which in the ground state structure was located
between and hydrogen bonded to the Schiff base and into a position 2.4 A˚ from that originally occupied by
Wat402 (this value is 2.5 A˚ in the case of bR). Since C
two conserved aspartates [8, 9] (Asp75 and Asp201),
and Wat401, which was previously in contact with of Lys205 cannot act as an H bond donor, a steric clash
results, and Wat402 is displaced. Despite this similarity,Asp75. In pSRII Asp75 plays a role analogous to that of
the primary proton acceptor Asp85 of bR, since proton a clear distinction between the KLT structures of pSRII
and bR is the absence in the former of significant elec-transfer from the Schiff base to Asp75 is the first proton
transfer step in the photocycle of pSRII [38] and Schiff tron density peaks near the backbone of this conserved
lysine. In bR, which is optimized to function as a protonbase deprotonation is necessary for photosignaling [30].
The observation that negative difference electron den- pump, a movement of the carbonyl oxygen of Lys216
causes this region to become locally hydrophilic,sity peaks appear on two conserved waters (Wat401
and Wat402) in KLT of both pSRII and bR suggests a allowing water molecules to order in this region later in
the photocycle [19, 21, 39]. The functional significancesimilar mechanism for the primary proton transfer event.
Nevertheless, difference electron density peaks near the of this small movement in bR is that, by creating specific
binding sites for water molecules in an otherwise hy-main chain (Figure 4A) and side chain (visible at 3.4
) of Asp75, which would indicate an early movement drophobic region between the Schiff base and Asp96,
the reprotonation of the Schiff base from Asp96 on thesimilar to that observed for the primary proton acceptor
Asp85 in KLT of bR [16] (Figure 4A, inset), are weaker cytoplasmic side is aided. pSRII, by contrast, is opti-
Early Rearrangements of a Sensory Receptor
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Figure 4. Detailed View of the Fexc  Fground Difference Electron Density Map Contoured at 4 
(A) View indicating the appearance of negative density on Wat401 and Wat402 and near the carbonyl oxygen of Asp75. No significant difference
electron density is visible near the backbone of Lys205.
(B) Negative and positive electron density peaks extend from C12 of the retinal of pSRII (orange) toward C of Lys205. Paired electron density
peaks are also visible near C9 of the retinal and near the retinal’s -ionone ring. Movements of Trp76 and Ile83 are also indicated. Both insets
show the corresponding changes in electron density near the retinal (purple) observed for KLT of bR [16].
mized to have a long-lived signaling state (i.e., for which see Experimental Procedures) within the retinal binding
pocket. This electron density and the refined modelthe Schiff base is deprotonated [30]). Hence, structural
features that would enhance the rate of the reprotona- show that the movements indicated by the difference
Fourier map (Figure 4B) appear to arise from a slighttion step, such as the presence of a proton donor analo-
gous to Asp96 of bR (which is absent in pSRII [40]) or the rotation about C1 of the -ionone ring, which is coupled
to a slight translation of the retinal near C9. For compari-creation of transient binding sites for water molecules on
the cytoplasmic side of the Schiff base (e.g., near the son, the retinal’s movement in KLT of bR is shown in
Figure 5C, which shows very little movement of the reti-carbonyl oxygen of Lys205), are disfavored in pSRII.
Furthermore, the absence of an early structural relax- nal beyond changes near the C13C14 isomerized bond.
A surface representation of the two retinal binding pock-ation along the backbone of helix G in pSRII appears to
correlate with recent EPR studies by Wegener et al. [41], ets of pSRII and bR (Figures 5A and 5C) as well as a
CPK representation (Figures 5B and 5D) illustrate thatwho observed a light-induced movement of helix F but
negligible movement for helix G. the retinal of bR is more tightly packed within its binding
pocket, particularly in the immediate vicinity of theIn agreement with a recent low-temperature FTIR
spectroscopy study [22], the structural rearrangements -ionone ring. These observations suggest a likely origin
for the distinct early relaxation pathways of photoiso-of the retinal observed in KLT of pSRII (Figure 4B) are
considerably more extensive than those observed in merized retinal observed in the two cases. For bR
Met145 packs tightly above the C5 methyl group of thebR [16] (Figure 4B, inset). Prominent difference electron
density peaks appear along the length of the retinal, with -ionone ring and restricts any movement of this group
in response to photoisomerization (Figure 5D). In contra-paired positive and negative electron density extending
from C12 through the C13C14 isomerized bond, the Schiff distinction, this residue is replaced by Phe134 in pSRII,
and no steric clash arises (Figure 5B). As such, the retinalbase linkage, and toward C of Lys205. In addition,
paired negative and positive electron densities indicate has more freedom to move early in the photocycle in
response to photoisomerization about the C13C14 bond.a movement of the retinal near C9 toward Trp76 and
a concomitant movement of the -ionone ring toward
Trp171. Difference electron density peaks also seen Discussion
near the retinal binding pocket (Figure 4B) indicate a
movement of Trp76 toward the extracellular medium as It has been proposed that a common mechanism is
manifest within the family of archael rhodopsins, due towell as a rearrangement of Ile83, which creates space
on the cytoplasmic side of the Schiff base. their structural and evolutionary similarities [4], whereby
retinal isomerization leads to a steric clash with a con-The specific nature of the retinal’s movement is illus-
trated more readily by overlaying the refined models served tryptophan, which, in turn, induces an outward
tilt of the cytoplasmic half of helix F [20]. In the case of(Figure 5A) on the 2Fobs  Fcalc A-weighted electron den-
sity map [42] of KLT (calculated from extrapolated data; bR and hR [3], this movement would expose the ion
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Figure 5. Comparison between the Retinal Binding Pockets of pSRII and bR
(A) The refined ground state (orange) and KLT (white) models of pSRII overlaid within the retinal pocket. The 2Fobs  Fcalc A-weighted electron
density map for KLT (dark blue, calculated from extrapolated data; see Experimental Procedures) and the retinal binding pocket (light blue)
are also shown.
(B) A similar view of the retinal binding cavity of pSRII using a space filled model.
(C) An analogous representation to that of (A) for the ground (purple) and KLT (white) models of bR.
(D) A similar view of the retinal binding cavity of bR using a space filled model.
translocation channel toward the cytoplasm, enabling by alignment of the cytoplasmic halves of helices E, F,
and G relative to those of the D96G/F171C/F219L bRa proton to be taken up and a chloride ion to be released,
respectively. For the two sensory rhodopsins, it is postu- triple mutant. This putative model is illustrated in Figure
6B and is further suggested by the observation of Weg-lated that a similar movement of helix F might trigger
their cognate transducer proteins [4, 20]. From the X-ray ener et al. [41] that helix F undergoes a significant move-
ment following photoactivation of pSRII. In addition,structures of the ground state of pSRII [8, 9] as well as
recent EPR studies [14], the most probable binding sites Spudich et al. [45] observed that the D73N mutant of
SRII from Halobacterium salinarum produces a repellantfor transmembrane helices 1 and 2 of pHtrII are near
helix G and the interface of helices F and G, respectively signal in the dark. A possible structural basis for this
result stems from the fact that the analogous D85N bR(Figure 1). Within this model a unique patch of charged
and polar residues near the cytoplasmic ends of helix mutant displays substantial protein conformational
changes in the regions of helices F and G even withoutF (Figure 6A) [8] appears likely to play an important role
in the mechanism of signal transduction from pSRII to photoactivation [46]. A recent X-ray structure of the late
M intermediate of the D96N bR mutant does not supportpHtrII.
The changes in electron density presented here are this model, since it revealed only disordering of the cyto-
plasmic ends of helices E, F, and G [17].in keeping with this basic hypothesis for signal transduc-
tion, since a steric clash is already in evidence between In addition to providing support for this basic model
of signal transduction by pSRII, the early structural re-C13 methyl group of the retinal of pSRII and Trp171 of
helix F (Figure 5B). A steric clash of the retinal’s C13 arrangements described here show subtle differences
in the retinal’s relaxation relative to that of bR. One likelymethyl group with this conserved tryptophan in bR
(Trp182) was suggested as a driving mechanism for the consequence of the retinal’s early movement within the
binding pocket of pSRII (Figures 5A and 5B) is to relieveoutward tilt of the cytoplasmic half of helix F observed
later in the photocycle [43], with Pro186 acting as a strain on the side chain of Lys205, to which the retinal is
covalently bound. This reduction of strain could explainhinge residue for this movement. A recent electron crys-
tallography structure of the resting state of the D96G/ why difference electron density peaks did not arise near
the carbonyl oxygen of Lys205 (Figure 4A), althoughF171C/F219L bR triple mutant [20], which resembles the
conformational state associated with the late M photoin- they were prominent near Lys216 in KLT of bR [16] (Figure
4A, inset). In KLT of bR a mechanical pulling of the retinaltermediate of bR [44], revealed an outward movement
of helix F, originating from Trp182 and apparently hinged on the side chain of Lys216 could induce this early struc-
tural rearrangement, whereas, for pSRII, the same mech-near Pro186, with the cytoplasmic end of helix F being
displaced by 3.5 A˚. From this starting point, a putative anism appears to drive the early movement of the retinal
within its binding pocket. As argued above, should amodel for the signaling state of pSRII can be constructed
Early Rearrangements of a Sensory Receptor
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Figure 6. Spaced Filling Representations of pSRII, a Model for Its Putative Signaling Conformation, and bR Viewed from the Plane of the
Membrane
(A) A cavity of pSRII extends from the retinal’s -ionone ring (orange) toward the surface at the interface of helices E (gray/green) and F
(green). Residues forming the retinal pocket (brown) and a cluster of charged residues that form a putative interaction site for pHtrII [8] (blue)
are also highlighted.
(B) A representation (yellow) of a model for the putative signaling state of pSRII overlaid on the representation of pSRII shown in (A). A steric
clash between the C13 methyl group of the retinal and Trp171 (Figure 5B) may drive an outward tilt of the cytoplasmic regions of helices E
and F later in the photocycle. This model derives from the open conformation of the D96G/F171C/F219L bR triple mutant [20] (Protein Data
Bank entry 1fbk).
(C) An analogous representation for bR to that given in (A), illustrating that the retinal’s -ionone ring (purple) is considerably more occluded
in bR than in pSRII.
movement of the carbonyl oxygen of Lys205 be sup- help to support the coupled structural rearrangements
of the pSRII:HtrII complex that are necessary for signalpressed during the photocycle of pSRII, it would prevent
the creation of transient binding sites for water mole- amplification (Figure 6B). Structural results from the
pSRII:HtrII complex and its later photointermediatescules in this region and thereby could extend the lifetime
of the signaling state of pSRII for which the Schiff base should help to clarify these issues.
is deprotonated [30].
Another structural feature that distinguishes pSRII Biological Implications
from bR is the presence of a cavity extending from the
retinal’s -ionone ring toward the protein’s surface, with Surprisingly few details of the structural mechanism of
signal transduction are known for any sensory receptor.the retinal being exposed at the interface between heli-
ces E and F (Figure 6A). In bR the same cavity is almost X-ray structures from photoactive yellow protein [48]
and its photointermediates [32, 36, 37] have yielded in-entirely occluded (Figure 6C). As such, the early move-
ment of the retinal’s -ionone ring observed here would sight into the signaling pathway of this cytosolic light
receptor, which is believed to mediate negative photo-be visible within the plane of the membrane. Since chi-
meric studies [47] have shown the interactions between taxis in certain halophilic bacteria. Structural conclu-
sions drawn from this small soluble protein, however,the sensory rhodopsins and their bound transducer pro-
teins to occur within (or near) the plane of the membrane, have not always been confirmed by FTIR spectroscopy
[29, 49]. bR, by contrast, is not a sensory receptor, butit may be tempting to consider the possibility that a
movement of the -ionone ring, which may become its structural link to the family of transmembrane hepta-
helical receptors has often led it to be taken as a startingmore significant later in the photocycle, could be com-
municated directly to the bound transducer protein. In point for understanding signal transduction in other sys-
tems. Structural results from pSRII and its photointerme-light of the fact that the faces of helices F and G appear
the most probable binding sites for pHtrII [8, 9, 14] (Fig- diates serve to bridge this gap, since they are concerned
directly with the mechanism of signal transduction byure 1), this suggestion appears unlikely. Nevertheless,
the openness of this cavity (Figure 6A) increases the an integral membrane heptahelical receptor. As such,
pSRII provides a model system for understanding signalflexibility in this region, with the average B factors of
the nine residues in the immediate vicinity of the transduction in a general context.
Several mechanistic features are shared by pSRII and-ionone ring being 95% of the average B factor for the
heptahelical bundle. In bR the corresponding value is visual rhodopsin, the primary photoreceptor of vision
and the only G protein-coupled receptor of known struc-81%. Since Pro175 (the putative hinge residue of helix
F) lies immediately adjacent to the retinal’s -ionone ture [50]. In both cases a retinal chromophore is bound
to helix G via a protonated Schiff base, and the retinalring, an enhanced protein flexibility in this region may
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continuous white light lamp and a 1.7 s flash lamp and using abinding pockets are modified to tune the absorption
variety of focal spot diameters (from 12 m to 35 m). We consis-maximum [8, 9, 13]. Spectral tuning enables distinct
tently recovered the ground state spectrum as presented in Figurephototaxis signals to be conveyed by two sensory rho-
2A. Blue light (	  473 nm) was transported from a 20 mW laser
dopsins and creates the phenomenon of color vision in diode to the crystal position (estimated flux approximately 3 W/
the case of the visual rhodopsins. Both sensory recep- cm2) along a 225 m diameter optical fiber, with the tip being held
approximately 300 m from and at an angle of 30 to the crystal.tors undergo structural rearrangements in response to
Figure 2B shows a typical difference spectrum recorded using athe photoisomerization of retinal from the all-trans to
320 J, 1.7 s Xe flash lamp (Oriel) from a single crystal of pSRII13-cis configuration in pSRII and from 11-cis to all-trans
cooled to 100 K after illumination with blue light, and indicates thein visual rhodopsin. For both, signaling requires that the
buildup of KLT in 3D crystals of pSRII. In addition, a flash-freezeSchiff base is deprotonated, and their signaling confor- protocol at room temperature produced the spectral fingerprint for
mations are believed to be associated with significant the trapped M intermediate, with the ground state spectrum being
recovered when 3D crystal with trapped M were warmed to roommovements on the cytoplasmic half of helix F [4, 51].
temperature.These (or similar) structural signals are conveyed by
protein-protein interactions to a tightly bound trans-
ducer protein, which is pHtrII in the case of pSRII and X-ray Diffraction Data Collection
the G protein transducin for visual rhodopsin. X-ray diffraction data (	  0.931 A˚) were recorded at beamline ID14-
EH3 of the European Synchrotron Radiation Facility (ESRF) in Greno-In this work we observed that retinal photoisomeriza-
ble, France using a Mar CCD X-ray detector (MARResearch). Thetion in pSRII both induces a steric clash between the
same optical fiber arrangement used to illuminate crystals duringC13 methyl group of the retinal and a tryptophan of helix
spectroscopic characterization also rotated with the crystal duringG (Figure 5B) and disrupts a salt bridge formed between
X-ray diffraction data collection at 100 K, maintaining the illumination
helices C and G (Figure 4A). Similar events are believed geometry throughout the experiment. The lifetime of each crystal
to occur along the pathway of signal transduction by within the X-ray beam was sufficient to record one complete data
set per crystal, consisting of 140 frames of 1 oscillation with a 30visual rhodopsin [51, 52, 53]. In addition, our observation
s exposure per frame.that a displacement of the retinal’s -ionone ring occurs
early in the photocycle of pSRII (Figures 5A and 5B)
illustrates how a retinal binding cavity can accommo- Data Processing and Structural Analysis
date such movements. Larger movements of the reti- Data were processed using the HKL package [56] and the CCP4
suite [57]. Phases from the ground state model of pSRII (PDB entrynal’s -ionone ring occur for visual rhodopsin [54]. Fol-
1h68) were used to calculate the Fexc  Fground difference electronlowing the initial response of pSRII to its external
density map (Figures 3 and 4). Difference electron density mapsstimulus as described here, a cascade of coupled struc-
were used extensively to interpret the results. All significant struc-tural changes occur, which ultimately modify the swim-
tural rearrangements were observed reproducibly in several data
ming behavior of the host organism. sets and were confirmed by refinement using CNS [58]. At 2.3 A˚
resolution, two closely overlapping retinal configurations (all-trans,
Experimental Procedures 15-anti and 13-cis, 15-anti) could not be refined independently of
stereochemical constraints, and planar constraints were therefore
Protein Crystallization imposed as in [16]. The refined structure of KLT accounted for all
pSRII was expressed in E. coli, purified, and crystallized in a lipidic significant electron density peaks in the difference Fourier map. The
cubic phase as described [8, 23]. Crystals were grown in 1.5 M NaCl crystallographic population of KLT was determined by first setting
at pH 4.6, 1.1 units above the pKa of Asp75 measured at high Cl the population between 0% and 100% at evenly spaced intervals
concentration [26], indicating that, for more than 90% of the pSRII of 5%. An iterative process of refining the structure of KLT with
molecules, Asp75 is deprotonated. The crystallization matrix was population fixed then refining the population with the structure of
liquefied with lipase [55], and needle-like crystals with lengths up KLT fixed caused the population to converge to 50% both from above
to 400 m were mounted on cryoloops and frozen in liquid nitrogen. and from below. Refinement was also performed against extrapo-
lated structure amplitudes [16, 36], where Fextrapolated  (Fexc 
Crystal Illumination and Single Crystal 0.5Fground)/0.5. Both partial occupancy refinement and refinement
Microspectrophotometry against extrapolated data yielded similar results. Extrapolated data
Large crystals of pSRII (approximately 400 m  60 m  10 m) were used to calculate the 2Fobs  Fcalc A-weighted electron density
were exposed to bright white light, mounted to pass through the map [42] of Figure 5A.
center of a cryoloop approximately 300m in diameter, and immedi-
ately frozen in liquid nitrogen. Frozen crystals of pSRII were mounted
on a single crystal microspectrophotometer [24] (http://www.4dx.se) Modeling of Signaling State of pSRII
within a stream of nitrogen gas cooled to 100 K (Oxford cryo-Sys- A putative model for the signaling state of pSRII (Figure 6B) was
tems), and the quality of crystal fishing and freezing was inspected constructed by aligning the conserved heptahelical bundle of pSRII
using the microscope of the microspectrophotometer. The ground upon the backbone trace of the D96G/F171C/F219L bR triple mutant
state and KLT of pSRII were spectrally characterized (Figure 2) using a [20] (Protein Data Bank entry 1fbk) using O [59] and Swiss-
white light probe with a focal spot approximately 35 m in diameter. PdbViewer [60].
Figure 2A shows a typical spectrum from a frozen 3D crystal of
pSRII. To test for pH dependence in this absorption spectrum, crys-
tals were immersed in mother liquor in the range pH 3–pH 10 and Acknowledgments
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